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In the search for anti-wear materials, a wide range of materials have been developed such 
as the metallic glass and nanocrystalline alloys. Nanocrystalline alloys, for example, have 
been synthesized via mechanical alloying, electrodeposition and crystallization from 
amorphous materials. The focal point of this research is using sintering process to fabricate 
a nanocrystalline material from a metallic glass (amorphous) precursor. The aim of this 
work is to study the effect of sintering temperature on the densification, microstructure, 
hardness, and tribological properties of Fe58Cr23Mo15B2C2 (wt. %) alloy fabricated by 
spark plasma sintering (SPS) of the initial glassy powders. Initial characterizations of the 
as-received glassy powder was conducted using differential scanning calorimetry (DSC), 
scanning electron microscope (SEM), and X-ray diffraction (XRD). The results showed 
that the glass transition temperature Tg, the crystallization temperature Tx, and the melting 
temperature were 602, 645, and 1150 oC, respectively. The metallic glassy powder was 
then consolidated using SPS equipment at 500, 600, 700, 800, 900, and 1000 oC. 
Microstructure analysis using XRD and field-emission SEM (FE-SEM) equipped with an 
energy dispersive spectroscope (EDS) showed partial and full crystallization with the 
formation of (Fe,Cr)23C6 particles and (Cr,Fe)2B nanoparticles embedded in Fe-based 
matrix. The tribology behavior of the fully sintered sample was investigated using a ball-
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on-disk tribometer. The sliding wear tests were also conducted using stainless steel and 
alumina counterface materials. When compared with conventional materials (carbon steel 
and D2 tool steel), the sintered samples were seen to have a higher resistance to wear. Also, 
when the sintered alloy was slid against alumina counterface material, it exhibited a 94% 
and 72% reduced wear when compared to carbon steel and D2 tool steel respectively. The 
surface of the worn sample was also analyzed using SEM and EDS, where it was seen that 
























 أديدايو شريف أدينيي   :  االسم الكامل  
 شرارة المصنوعة بواسطة بتلبد Fe-Cr-Moالبنية المجهرية وترايبولوجي سبائك   :  عنوان الرسالة 
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 الهندسة الميكانيكية  :  التخصص 
 1438، الموافق ربيع الثاني  2017: يناير,   تاريخ الدرجة العلمية 
 
في هذا البحث المعني بالمواد المضادة للتآكل، استحدثت مجموعة واسعة من المواد مثل الزجاج المعدني والسبائك 
ائك النانوبلورية، على سبيل المثال، قد تم تصنيعها عن طريق الخلط الميكانيكي، والترسيب الكهربائي، النانوبلورية. السب
والتبلور من مواد غير متبلورة. النقطة المحورية في هذا البحث هو استخدام عملية تلبد لصناعة مادة نانوبلورية من 
دراسة تأثير درجة حرارة التلبد على التكثيف، البنية زجاج معدني )غير متبلور( سليفة. والهدف من هذا العمل هو 
شرارة  )% بالوزن( مصنوعة بتلبد Fe58Cr23Mo15B2C2لسبائك  الترابولوجية المجهرية، الصالبة، والخصائص
( من مساحيق زجاجية أولية. األوصاف األولية للمسحوق الزجاجي كما تلقي استخرجت باستخدام SPSالبالزما )
وأظهرت  .(XRD)حيود األشعة السينية و (SEM) مجهر المسح اإللكتروني و (DSC) لتفاضليكالوري المسح ا
، 645، 602، ودرجة حرارة الذوبان كانت xT، درجة حرارة التبلور gTالنتائج أن درجة حرارة التحول الزجاجي 
، 600، 500( في SPSدرجة مئوية على التوالي. ثم عزز المسحوق الزجاجي المعدني باستخدام معدات ) 1150و
( و اشعاعات XRD) درجة مئوية. تحليل البنية المجهرية باستخدام حيود األشعة السينية 1000، و 900، 800، 700
( أظهر تبلور جزئي وكامل مع EDSمزودة بمطياف الطاقة المشتتة )و SEM) -(FEمجهر المسح اإللكترونيمجال 
مضمنة في مصفوفة مؤسسة من الحديد.  تم التحقق  (B2(Cr, Feمن وجسيمات نانوية ( ، 6C23(Fe,Crتكون جسيمات 
من السلوك الترايبولوجي للعينة الملبدة تماما باستخدام تريبوميتير كرة على قرص استخدام. وأجريت أيضا اختبارات 
الفوالذ ) مع المواد التقليدية في الجهة المقابلة. بالمقارنة التآكل االنزالقي باستخدام الفوالذ المقاوم للصدأ ومواد األلومينا
(، لوحظ أن للعينات الملبدة مقاومة أعلى للتآكل. عندما ازلقت السبيكة الملبدة ضد  مادة B2أداة الصلب  و الكربوني
 في المائة بالمقارنة مع الكربون الصلب %72و  %94األلومينا في الجهة المقابلة، اظهرت انخفاض في التآكل بنسبة 
، حيث شوهد أن EDSو  SEMعلى التوالي. وكان سطح العينة البالية قد تم تحليله أيضا باستخدام  B2أداة الصلب و
 .طريقة التآكل كانت باألكسدة والكشط معا  
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1 CHAPTER 1 
INTRODUCTION 
Owing to the crystalline nature of iron-based alloys, they have found ample usage in 
applications requiring high strength, corrosion and wear resistance, among others. These 
alloys have been studied extensively for decades whereas studies into iron-based 
amorphous alloys started after the first successful synthesis of metallic glass alloys in 1960. 
Metallic glass (MG) alloys, amongst a variety of recently developed materials, such as 
nanocrystalline alloys [1,2] and quasi-crystals [3],  were first synthesized in 1960 by a rapid 
solidification process [4]. The high solidification or cooling rate of about 106 K/s is 
responsible for the disordered arrangement of atoms, and thus the glassy phase is brought 
about.  
 
As these alloys transform from crystalline to amorphous (during synthesis), or from 
amorphous to crystalline structure, it is important to investigate their microstructure as this 
knowledge is key to understanding their macroscopic performance in terms of their 
properties, which ultimately influences the application of these materials in the industry. 
Several metallic glass or amorphous alloy systems synthesized in the past have been seen 
to possess exceptional mechanical properties, magnetic properties, and outstanding 
corrosion and wear resistant characteristics [5–11]. However, their limited plasticity in 
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tension and the difficulty in processing these novel alloys tend to undermine the vast 
application as bulk alloys [5,9,12–15].  
 
The crystallization of metallic glass alloys by in-situ or ex-situ introduction of 
nanocrystalline precipitates has been reported to enhance the tensile ductility of amorphous 
metals. This has therefore led to increased interests in understanding the crystallization 
behavior of metallic glass alloys. Many crystallization-based investigations [5,16,17] have 
been channeled towards adapting the microstructure of these alloys into either a glassy-
nanocrystalline, fine-grained composite or an entirely crystalline material by controlling 
the time and temperature of devitrification. Although many techniques have been used to 
produce nanocrystalline materials from amorphous powders, a novel powder metallurgy 
method that can produce high-density sintered products at low temperatures has been 
gaining increasing popularity. This method is called spark plasma sintering (SPS), and it 
involves the concurrent exertion application of pulsed direct electric current and uniaxial 
pressure to consolidate powder materials into bulk part [18,19]. 
 
A good comprehension of how metallic glassy alloys transform from amorphous to fully 
or partially crystalline structure is now indispensable in order to optimize the properties 
and performance of this novel material. For example, in tribology, and especially in 
applications requiring structural materials, it is important to have materials that have high 
ductility in tension due to formability and safety of structural components. The 
precipitation of fine crystalline phase particles within bulk metallic glassy (BMG) alloys 
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matrix can be used to improve their ductility. Starting from fully non-crystalline materials 
portrays itself as a means to obtain such novel microstructures and properties. An example 
of a promising alloy system is an iron based BMG. They have been described to possess 
superb soft magnetic properties, high mechanical resistivity, high mechanical strength and 
less expensive [10]. The Fe-based MG alloy for example present itself as a good starting 
material to study their properties upon crystallization. 
 
From the tribology point of view, the introduction of partial crystalline phases has been 
reported to improve the wear properties of the Fe-based MG alloys and coatings [20–23]. 
These improved properties have been linked to fine grain strengthening and enhancement 
of their toughness. The starting alloy investigated in this thesis was Fe-26Cr-17Mo-2C-2B 
(wt. %) MG powder. The densification behavior, phase evolution and tribology 
performance is studied after bulk consolidation using a unique and novel spark plasma 
sintering (SPS) technique. 
 
Outline 
This thesis is presented in the conventional monograph style and contains six chapters. 
Chapter 1 describes the main topic, gives a succinct related background and literature and 
further states the importance of the current research.    
Chapter 2 describes a comprehensive background and a literature review on spark plasma 
sintering and tribology of iron based alloy in relation to previous studies. 
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The aim and objectives of this research was stated in chapter 3.  
Chapter 4 presents the experimental methodologies and equipment deployed in details. 
The results from the investigations are described in Chapter 5. The effect of sintering 
temperature on the densification behavior, hardness, microstructure, and phase evolution 
of the sintered samples is presented. Furthermore, the sliding wear performance of the most 
densified sintered alloy is presented 
Chapter 6 presents the conclusions arrived at based on the results in chapter 6. Proposed 













2 CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 
In this chapter, a basic background and an extensive report of previously studied works are 
described. Section 2.1 provides a background of MG and nanocrystalline advanced alloys. 
A detailed background on spark plasma sintering (SPS) process used to fabricate these 
alloys is described in section 2.2. This section also recounts studies where SPS has been 
used to develop bulk amorphous and nanocrystalline alloys. Section 2.3 describes Fe-based 
alloys: their synthesis and microstructure. Section 2.4 presents a background on tribology 
properties of Fe based amorphous and nanocrystalline alloys. 
 
2.1 Advanced Materials 
The development of novel materials, and the refinement to already existing materials in 
order to obtain materials of higher-grade performance for present day industrial and 
scientific applications, have been the major preoccupation of material scientists. Advanced 
materials such as quasicrystals [24,25], metal matrix composites [26], nanocrystalline 
materials [27,28],  and metallic glasses [29–31], among others have been developed. These 
materials have been developed via several processing techniques and a large amount of 
database exist for all these materials. But this work will focus on metallic glass materials 




2.1.1 Metallic Glass Alloys 
 
The history of metals and metallic alloys dates back to decades before that of iron age [32]. 
These materials are generally polycrystalline in structure having their atoms arranged in a 
repetitive pattern in three dimensions [33]. These materials when cooled from their liquid 
melt decrease in volume with reduction in temperature until a sudden drop in its specific 
volume is reached after which a solid material is formed. If however, heterogeneous crystal 
forming sites are removed or the molten liquid is rapidly solidified far below the melting 
temperature, a glass may be formed. It was based upon this principle of rapid solidification 
processing (RSP) [33] that Duwez and his team synthesized binary alloy, Au75Si25, the first 
ever reported metallic glass [4]. The material is non crystalline or amorphous in structure 
and this was achieved as a result of the insufficient time the atoms of the material had to 
rearrange themselves for crystal growth [7]. The excellent properties (as shown in figure 




   
Figure 2.1. Strength and elastic limit of different materials [7] 
 
2.1.2 Nanocrystalline Materials 
 
The history of nanomaterials began in 1959 when Feyman spoke about the development of 
molecular machines atom by atom, while the term molecular nanotechnology was coined 
by Eric Drexler in 1977. A nanocrystalline material is defined as that with single or multi-
phase multi-crystals, and whose crystal sizes ranges between 1–250 nm, while ultra-fine 
sized multi-crystals is often used for materials with grain sizes between 250–1000 nm [28]. 
On a microstructural level, a sizeable volume fraction of the interfaces which exist between 
two crystallites is observed in nanosized crystalline materials, and this appreciably makes 
changes to many of their properties when compared to coarse-grained multi-crystalline 
materials [3,34,35].  
8 
 
Research interests in developing amorphous and nanocrystalline materials having magnetic 
properties that make them applicable in electrical devices as increased rapidly. Developing 
nanocrystalline materials having soft magnetic properties has been a recent development 
in the field of nanotechnology. This is partly because these amorphous and crystalline 
materials possess excellent properties when compared to conventional multi-crystalline 
materials. Due to these excellent properties, there has been a rise in the need for several 
synthesis methods for these materials. 
 
2.2 Processing of Metallic Glass and Nanocrystalline Alloys 
 
One major route in which metallic glasses have been processed is the non-equilibrium rapid 
solidification processing technique. Other non-equilibrium processing techniques used to 
produce these glassy alloys are mechanical milling, electrodeposition, and vapor 
deposition. Through these methods, metallic glasses have been developed into structurally 
insignificant products such as powders, thin foils, wires and ribbons with a section 
thickness of about 1 mm [13]. For example Choi et al. [36], developed various Al-based 
amorphous powders after long hours of  high energy ball milling. The noncrystalline 
structure of this alloy was confirmed using transmission electron microscopy (TEM), 
differential scanning calorimetry (DSC) and x-ray diffraction (XRD) techniques. Similar 
method was also used by Neamtu at al. [37], to synthesize amorphous Fe75Si20B5 powders. 
The fingerprint which sets metallic glassy alloy from crystalline alloy when evaluated 
using XRD technique is the presence of a broad diffuse peak. Furthermore to the synthesis 
of amorphous alloys, Jung et al. [38], Balla and Bandyopadhyay [39] confirmed an 
amorphous phase from Fe-based laser processed alloys. This limitation in size has partly 
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sparked an interest in materials scientists and engineers to synthesize these alloys via other 
routes and also fabricating them to obtain bulk amorphous samples commonly known as 
bulk metallic glass (BMG). Several solidification processing routes [1] such as casting and 
powder metallurgy techniques have been used to develop these bulk amorphous materials. 
During material processing, much emphasis is given to design issues in order to obtain the 
desired material. For example processing metallic glasses alloy into bulk amorphous alloys, 
four conditions need to be met [7,33]: 
 The alloy system must be a multicomponent system such that the minimum number 
of element that makes up the system exceeds three. The higher the number of 
components, the lower the energy required for atomic ordered arrangement. 
 The critical solidification rate at which they may be synthesized must be as low as 
1000K/s. This limits the possibility or extent of crystallization. 
 Diameters or the large section thickness of BMGs is about 1mm and above. 
 BMGs have a characteristic large supercooled liquid region (SLR), and this is 
defined as the difference between the glass transition temperature Tg and the 
temperature of crystallization, Tx i.e. large ∆𝑇𝑥 = 𝑇𝑥 − 𝑇𝑔.  
 
 Nanocrystalline alloys on the other hand may be synthesized by several means such as 
inert gas condensation, mechanical alloying, electrodeposition, crystallization from 
amorphous material, severe plastic deformation, cryomilling, plasma synthesis, chemical 
vapor deposition, pulse electron deposition, sputtering, physical vapor deposition, and 
spark erosion [1–3,27,28,40]. This work will be focused on nanocrystalline material 
development from amorphous precursors. This is because the materials developed through 
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this means are a starting point for understanding the crystallization behavior of metallic 
glasses. Furthermore, starting with metallic glass alloy may bring about unique and novel 
microstructures. Nanocrystalline materials can be developed by the controlled 
devitrification of metallic glassy or amorphous materials. In reality, the most frequent 
technique to develop nanocrystalline magnetic materials has been to initially produce a 
metallic glass through rapid solidification processes, after which the amorphous phase of 
the material is slowly crystallized [2]. This technique, which has now gained ground as an 
effective means to produce nanostructured material was first used by Yoshizawa [41] to 
produce an iron based nanocrystalline material in what is now known as FINEMET. Iron 
based alloy developed through this means have been extensively studied for their magnetic 
properties.  
 
A sizeable amount of nanosized multi-crystalline alloys of various alloy compositions have 
been successfully synthesized by crystallizing amorphous precursors [42–45]. The partial 
or total crystallization of amorphous materials is a promising technique for the 
development of nanocrystalline materials due to the ability to control the microstructure. 
The amorphous solids are in thermodynamic metastable state and they transform into more 
stable states under appropriate circumstances. The driving force for the crystallization is 
the difference in the Gibbs free energy between the amorphous and crystalline states. 
Usually, amorphous solids may crystallize into polycrystalline phases when they are 
subjected to heat treatment [21], irradiation [46], or even mechanical alloying [47]. Of 
these techniques, conventional thermal annealing is most commonly utilized in 
investigations of amorphous solids. 
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Non-conventional consolidation methods for densification of nanocrystalline particulates 
include microwave sintering, field assisted sintering methods, and shockwave 
consolidation [40]. The field assisted sintering technology (FAST), also known as spark 
plasma sintering is a powder metallurgy technique that can be used to develop 
nanocrystalline alloys from amorphous precursors. This process brings together the 
advantage of thermal annealing and the ability of fabricating very high dense bulk sample. 
 
2.2.1 Spark Plasma Sintering 
 
Sintering, which involves consolidating powders into bulk form, is a fabrication process 
whereby powder particles are bonded by the diffusion of atoms to bring about 
densification. Sintering has been in existence for thousands of years. The age-old 
Mesopotamians as at 6000BC made bricks by sintering [18]. Metallic and ceramic based 
parts were sintered by Egyptians as at the early years 3000BC. The Incas of South America, 
between the 14th and 15th century made jewelries by sintering [18]. The empirical 
advancement in the art of sintering further developed solid state sintering during the first 
half of the 19th century [18].  
 
Before the advent of the SPS process, hot pressing (HP) as well as hot isostatic pressing 
(HIP) processing techniques have been used for sintering. In 1955, Dayton and his 
colleagues at the Battelle Memorial institute, United States of America (USA) developed 
the HIP method of sintering [19]. The motive behind developing the HIP was to develop 
nuclear fuel elements by diffusion bonding. HIP is a pressure sintering method. Beryllium 
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powder was the first powder to be sintered using HIP, after which further advancements 
were made to sinter hard alloys with HIP [19]. The birth of spark sintering was as a result 
of the search for a means to activate the sintering process. Electrical current as a means to 
facilitate the sintering of powders was a major breakthrough. Although research using 
electrical energy to energize sintering started as at the late 30s, the Japanese were the first 
to patent this technology in the 1960s [12]. 
 
The role played by the current field on the movement of the particle to be consolidated can 
be calculated based on the theory of electron-migration, given by the expression [18]:  






+ 𝐹𝑧∗𝐸]     (1) 
𝐽𝑖 represents flux of the diffusing ith specie, 𝑅, the gas constant, 𝑇 is the temperature, 𝐷𝑖 is 
the diffusivity of the species, 𝐶𝑖 is the concentration of the species, 𝐹 is the Faraday’s 
constant, 𝑧 is the total charge of the species diffusing and 𝐸 is the field. Due to limited field 
of application of this technique, its efficiency, and cost of the equipment, it was not widely 
used, not until the development of plasma activated sintering (PAS) and then spark plasma 
sintering (SPS) [12]. SPS technique can be used to develop a wide range of material classes. 





Figure 2.2. Materials that can be sintered via the SPS technique [48] 
 
The SPS processing technique referred to as the field-assisted sintering technology (FAST) 
is a novel powder consolidation technique. This technique involves the use of pulsed direct 
electric current (DC), low voltage, with the application of uniaxial force under low 
atmospheric pressure to consolidate powders in a single step. A schematic of the SPS 
technique is shown in figure 2.3. During SPS process, the combined effect from the dc 
electric current and uniaxial pressure enhances sintering [18]. At the onset of sintering, 
powder to be compacted is placed into a die, the powder is then heated as a result of the 
pulsed dc current which passes via the die and the powder. The current passed results in 
Joule effect, which allows accelerated rise in temperature, and further enhances mass 
transfer [12]. The synergy between joule effect from current passed and applied uniaxial 
pressure are both responsible for consolidation. The densification is also improved due to 
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surface effect induced by the SPS process [12]. The path of flow of current through the 
powder during the sintering process and temperature on the surface of the powder particle 
are shown in the figure 2.4. 
 
With the SPS technique, very high heating and cooling rates can be used. Due to this, 
densification of green compacts is favored over grain growth thereby increasing diffusion 
mechanisms and keeping intact the innate properties of powders in their fully dense form 
[49]. The difference between the FAST/SPS and hot pressing (HP) is observed by the 
manner of heat production and transfer through the powders [19]. For an electrically 
conductive green body, energy is expended within the powders and the conductive parts of 
the pressing tool. Hence, a tool that is conductive is employed and the heat is transmitted 
by conduction through the powders [19]. It has also been called pulsed electric current 
sintering (PECS) or plasma activated sintering (PAS) process due to the inability to confirm 




Figure 2.3. Schematic of the spark plasma sintering technique [49] 
 
With the SPS processing technique, powder materials can be sintered at all temperatures 
and times lower than that of conventional sintering processes. These features allows for 
synthesizing materials that requires crystallization and grain growth to be suppressed [12]. 
Some of the important parameters during bulk consolidation by SPS are; temperature, 
applied uniaxial pressure, heating rate, and dwell time. All these parameters have their 




Figure 2.4. Path of electric current flow (a) and surface temperature in powder particles 
during sintering [12]. 
 
Temperature effects 
When compared to other bulk consolidation techniques, the SPS method allows for 
sintering at lower temperatures. Sintering temperature plays an important role in 
densification during consolidation by SPS. During sintering, increasing temperature 
induces some surface effect (eliminates impurities and adsorbed gases on the powder 
surface), and speeds up the transfer of mass thereby enhancing densification [12]. The 
relationship between temperature and density of the spark plasma sintered material was 
proposed by Garay [50]. 
                                𝜌 = 𝑠 (
𝑇
𝑇𝑚
) + 𝑏                                                  (2)  
Where ρ, s, T, Tm and b represents the density, sample temperature sensitivity (the slope 
from linear plot), sintering temperature, melting temperature and intercept (on the density 
axis) respectively. From the relationship, it is seen that increasing the sintering temperature 
will lead to increase in density which in turn means increased densification. 
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2.3 Iron based alloys 
2.3.1 Synthesis of amorphous and nanostructured alloys 
In the previous section, a survey of spark plasma sintering has been explained – the working 
principles, the nature of material that can be sintered by SPS and the effect of temperature 
on the properties of the bulk sample have discussed. It should be noted that this process 
has been used to develop nanostructured materials too. Over the years, several works on 
the fabrication of various BMGs alloys from MG alloys using SPS have been reported. 
Examples of such are, Al-based [36,51], Cu-based [52–54], Mg-based [55,56], Ni-based 
[57–59], Zr-based [60,61] and Fe-based BMGs [62]. From these studies, focus has been 
made on retaining the amorphous structure of the alloys by sintering below the 
crystallization temperatures. Also, very high sintering pressures between the ranges of 200 
to 700MPa have been used by most of the researchers.  
 
Iron-based BMG was fabricated by Lee et al [62]. Starting MG powders composed of Fe, 
B, Nb and Y were produced by atomization and fabricated into bulk using SPS processing. 
Powder samples placed in WC die was sintered at the Tg (873K) at a high pressure of 600 
MPa. Amorphous fully densified (99.5%) compact was obtained. Magnetic properties of 
the sintered material was analyzed, and it was reported that saturation magnetization was 
enhanced when compared to the as-received powders [62]. 
 
Neamtu et al. [37] sintered Fe–based (Fe75Si20B5) powders produced via mechanical 
alloying using SPS processing. Sintered samples were studied for their soft magnetic 
properties. Sintering temperature was varied (between 450 and 900oC), so was the dwell 
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time (from 1 to 15 min), while the pressure was constant at 30MPa throughout the 
experiment. Boride phase Fe2B and silicide phase (Fe3Si) was reported to crystallize during 
sintering at higher temperature. Good relative density and mechanical strength was also 
reported. It was finally reported that saturation induction and relative permeability increase 
with sintering temperature and time [37]. 
 
An iron based structural amorphous metal popularly called SAM 7 alloyed with Yttria was 
synthesized by SPS to determine its density and phase stability behavior [63]. The SAM 
7–Y2O3 mixture, after ball milling was sintered at 600
oC for 10min, and with the 
application of 30KN force, fully dense compacts with the evolution of only Y2O3 peaks 
were reported [63]. 
 
Microstructure and properties of iron based BMG with the composition 
Fe48Cr15Mo14Y2C15B6 was studied by Harimkar et al. [64]. This Fe–based BMG produced 
by high pressure gas atomization was fabricated by SPS at the Tg and below. The applied 
uniaxial pressure, 350MPa, heating rate 150oC/min were kept constant while dwell time 
was varied between 5 and 20min. It should be noted that powders were sintered in WC 
dies. Reports shows that highest densification (99%) was obtained at Tg, with however 
little crystalline peak belonging to Fe23(C, B)6. Densification was between 92 and 99% for 
sintering below Tg. It was finally reported that as sintering temperature increases, crystallite 




In order to obtain nanostructured alloys, MG precursors are usually sintered above their 
crystallization temperature, as crystallization is not expected below this temperature. The 
process of nanocrystallization involves phase separation, decomposition, and nucleation 
and growth of crystallites [65], and is also seen as a means to improve the properties of 
amorphous alloys. Crystallization products can be characterized using various techniques 
such as, scanning electron microscopy (SEM), Xray diffraction (XRD), and transmission 
electron microscopy (TEM), among others. Several studies to introduce nanoparticle into 
Fe-based amorphous phase has been achieved using several processes (laser processing, 
mechanical alloying, annealing and spark plasma sintering [46,65–70], however, this 
section will focus on spark plasma sintering process. 
 
Ashish et al. [65] investigated the nanocrystallization of Fe48Cr15Mo14Y2C15B6 using small 
angle neutron scattering technique [65]. In this work this Fe-based MG based alloy 
powders were consolidated by SPS technique.  Sintering was performed over a wide of 
temperature covering both above and below the Tx. Phase analysis confirmed the presence 
of nanocrystalline (Fe,Cr)23C6 phase [65]. SANs experiments were also used to understand 
the crystallization growth path [65].  
 
Ravi et al. [71] in his study titled “spark plasma sintering of Fe-Cr-Mo-P-B-C-Si 
amorphous alloy” consolidated the said composition after it was mechanically milled [71]. 
As it has been said previously mechanical milling of crystalline powders is one of such 
techniques for developing amorphous alloys. The evolution of nanocrystalline Fe3C and 
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(Fe,Cr,Mo)7C3 were reported and confirmed using SEM, XRD, and TEM analysis [71]. As 
sintering temperature increases, hardness and relative density also increased [71]. 
All the above investigations confirm the ability of spark plasma sintering in producing bulk 
nanostructured materials form amorphous starting materials. 
 
2.3.2 Microstructure and phase analysis 
Different phases, resulting from the processing of Fe-based amorphous alloys have been 
reported. These phases which are shown in table 2.1 are formed independent of the 
processing technique. Most of these alloys usually consist of body cubic centered α-Fe, 
several carbides or boride phases. 
Table 2.1. Different phases formed as a result of processing Fe-Cr-Mo based alloys 
        
Alloy system Processing  Phases Ref. 
Fe48Cr15Mo14Y2C15B6 SPS (Fe,Cr)23C6 [68] 
Fe70Cr15Mo4P5B4C1Si1 (wt. %) SPS α-Fe, Fe3C, M7C3 [74] 


































2.4.1 Tribology of amorphous and nanocrystalline Fe-based alloys 
Immense studies have been done and reported for the tribological behavior of materials 
developed from Fe-based amorphous powders. A larger percentage of these investigations 
involving the deposition of MG powders as coatings [14,20,21,75–79] on metallic substrate 
have been observed. Fewer works have been observed for bulk amorphous alloys, and bulk 
crystalline alloys developed from amorphous precursors [22,23,80–82]. This section will 
discuss the various findings that cut across the Fe-based amorphous and crystalline alloys. 
 
Jiang et al. [21] developed a FeCr7.3P6.34 C3.84Mo3.4Si2.41B0.82 wt.% amorphous 
powder from gas atomization process. These powders were thermally sprayed on steel 
substrates at room temperature. The coatings were further heat treated below and above the 
crystallization temperature to yield nanocrystalline coatings. Using a tribometer in a pin-
on-disk mode, the wear performance of as sprayed amorphous coatings, as well as 
crystalline coatings was compared [21]. Figure 2.5 summarizes the findings from their 
investigations. Samples heat treated just above the crystallization temperature showed 
highest hardness as well as superior wear resistance. This was attributed to the formation 
of nanocrystalline phases developed as a result of temperature effect. The crystallization 
brings about strengthened fine grains that inhibit the free movement of dislocation during 




Figure 2.5. Hardness and weight loss of as-deposited and heat treated Fe-based coatings 
[21] 
 
Dawit et al. [82] developed a Fe-based BMG by a copper mold conventional casting 
technique. The friction and wear behavior of the as-cast and annealed samples were 
investigated using a ball-on disk equipment. It was found the friction coefficient and wear 
loss of the as-cast amorphous alloy was lower and better that that of conventional steel 
samples [82]. Furthermore, it was reported that the BMG alloy was crystallized after 
annealing at 600 oC, and had a higher hardness but a lower wear resistance when compared 
to the as-cast BMG material [82].         
 
Singh et al. [23] studied the effect of devitrification on the wear performance of iron-based 
Fe48Cr15Mo14Y2C15B6 (at.%) alloy. The Fe-based alloy powders, developed from high 
pressure gas atomization technique was fabricated into bulk sample using spark plasma 
sintering process, and further heat treated far above the temperature of crystallization. As-
sintered samples were reported to be amorphous while annealed were partially crystalline 
[23]. The tribological performance of these materials were investigated under a ball-on-
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disc friction test mode. Coefficient of friction increased from 0.5 for the amorphous sample 
to about 0.6 for the annealed samples. As shown in figure 2.6, the annealed samples had a 
better wear performance when compared to the amorphous alloy due to their higher 
hardness and the nucleated  carbide phases [23].  
 
Figure 2.6. Wear loss of the sintered and annealed with respect to sliding time [23] 
 
Maddala et al. [80] studied the sliding wear behavior of Fe50-XCr15Mo14ErXC15B6 
(x=0, 1, 2 at%) alloy fabricated from a suction casting technique. Sample with 2 % Er was 
annealed for 10 and 100 minutes. The sample annealed for 100 minutes was reported to be 
crystallized, that at 10 minutes was structurally relaxed, while other samples remained 
amorphous. For all samples, it was reported that the crystallized sample exhibited the 
highest hardness, however it had the poorest wear resistance [80]. Furthermore the 
structurally relaxed sample whose hardness was just below the crystalline sample had the 




3 CHAPTER 3 
OBJECTIVES 
To sum up the findings from the literature review, several works have been done on iron-
based MG powders, ranging from depositing them as coatings on metallic substrates, 
fabrication of bulk amorphous materials, and investigating several of their properties and 
performance. However, few works been published in the area of developing 
nanocrystalline bulk materials from iron-based MG powder. In addition, the tribological 
performance of a nanocrystalline alloys developed from MG precursors has rarely been 
invstigated. 
The aim of this research is therefore to understand the effect of sintering temperature on 
the microstructure and tribological performance of Fe-Cr-Mo-based bulk alloy 
consolidated by SPS. This knowledge is important in understanding the processing-
property-performance relationship of this alloy. The proposed specific objectives of this 
study are: 
 To study the effect of SPS sintering temperature on the densification, 
microstructure, phase evolution, and hardness of spark plasma sintered Fe–based 
MG powders. 
 To investigate the tribological behavior and performance of the selected sintered 





4 CHAPTER 4 
EXPERIMENTAL METHODOLOGIES 
4.1 Materials (Iron based metallic glass material) 
Iron-based metallic glassy powder having a nominal composition of Fe52.6Cr26Mo17C2.3B2.1 
(wt. %) was used for this investigation. The mean diameter of the powder particles was 
approximately 31 µm. This powder was prepared and supplied by LiquidMetal 
Technologies, USA. The metallic glass powders were prepared by high pressure gas 
atomization process. This process involves melting a mixture of Fe, Cr, Mo, B and C 
elemental powders under a high purity argon atmosphere after which the liquid melt is 
rapidly atomized using high purity inert gas.  
 
4.2 Materials Processing 
4.2.1 Spark Plasma Sintering 
Spark Plasma Sintering equipment type HP D 5, manufactured by FCT systeme GmbH, is 
used to consolidate the amorphous samples. This equipment is shown in figure 4.1. The 
SPS equipment used consists of the heating chamber, cooling unit, pump and a computer 
unit. This equipment is capable of reaching high temperatures and high heating rate, but in 
this study, a maximum temperature and heating rate of 1000 oC and 100 °C/min, 
respectively was used. Sintering was done under a vacuum of 0.75 Torr to achieve high 
purity in sintered samples. Using graphite dies and punches, fabrication was done due to 
equipment restriction at a limited pressure of 50 MPa for samples having a diameter of 20 
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mm and a thickness of about 5 mm. To accurately measure the sintering temperatures, a 
thermocouple was placed in the die. Sample fabrication is achieved by lining the dies and 
punches with a graphite sheet. This lining also facilitates the easy removal of samples after 
sintering. After lining, 10 g of the iron based powders were weighed and poured into the 
die and placed in the heating chamber of the SPS equipment. Temperature, pressure and 
heating rate of interest was imputed from the computer. The as received powders were 
fabricated at 500, 600, 700, 800, 900 and 1000 oC. 
 




4.2.2 Density Measurements 
Densification measurement were done by measuring the density of the sintered sample and 
dividing by the theoretical density. The density of the sintered samples was measured using 
a Mettler Toledo kit. With this kit, and following the Archimedes principle, the sample 
weight is measured both in air and distilled water after which the equation below is used 
to estimate the experimental density.  
   𝜌 = (
𝐴
𝐴−𝐵
) (𝜌𝑜 − 𝜌𝑎) + 𝜌𝑎     Equation 4-1 
 
Where  
ρ = Density of sintered sample (Experimental density) in g/cm3 
A = weight of sintered sample in air 
B = weight of sintered sample in distilled water 
𝜌𝑜 = density of distilled water 
𝜌𝑎 = density of air 
Theoretical density of the Fe-based alloy is 7.87 g/cm3 
  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (%) =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦








4.3.1 Microstructure Analysis 
The morphology and particle size of the powdered alloy was measured using the scanning 
electron microscope (SEM). Micrographs were obtained from the both SEM and FE-SEM 
equipment. The maximum, minimum, and average particle size was determined. Low and 
high magnification images were taken to check the presence of open and closed pores. The 
precise average particle size of the powders was further ascertained using the particle-size 
analyzer (Microtrac model S3500/Turbotrac).  
 
For microstructural analysis of sintered samples, a small section of the bulk alloy was cut 
and mounted in epoxy. The samples were then ground to in a stepwise order, starting with 
rough 240 grit, followed by 320, 400 and lastly fine 600 grit SiC papers. After this, the 
finely ground samples were polished using diamond suspension starting with 9 µm, 6 µm, 
3 µm, and then 1 µm. The sample were finally polished using alumina suspension of 0.3 
µm size. A field emission scanning electron microscope (FE-SEM) (Tescan Lyra-3) 
(shown in figure 4.2) was used to analyze the morphology of the finely polished cross 
section surfaces of the sintered compacts. Secondary electron (SE) and back scattered 
electron (BSE) images at low and high magnifications were taken. Energy dispersive 




Figure 4.2. Field emission scanning electron microscope 
 
4.3.2 Phase Analysis 
The transition temperatures, (i.e. glass transition, crystallization temperature, and melting 
temperatures) of these powders were measured using the differential scanning calorimetry 
(DSC) equipment. The powder was placed in an alumina pan and was analyzed in an Argon 
environment within a temperature ranging from 30 to 1400 °C under a 10 K/min constant 
heating rate.  
X-ray diffractometer (XRD) as shown in figure 4.3 was used to understand the structure of 
the as-received powder and structural changes that may have occurred as a result of spark 
plasma sintering. A Rigaku Ultima IV X-ray diffractometer was used. The materials to be 
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examined were placed in the XRD chamber and operated with a Cu Kα radiation source 
with a wavelength of 1.5406 Å. The equipment was operated at 40 kV and 40 mA, while 
scanning operation was done at 0.02°/s for 1 s/step over a 2-theta value 30 to 90°. These 
conditions for which most of the peaks should be captured, and for which an XRD pattern 
with high signal to noise ratio should be obtained were chosen based on literature.Data was 
recorded using the PDXL software. Peak evolution were matched from the software and 
with peak database.  
 





Hardness measurements for all samples investigated were made using a Vickers 
microhardness tester (MMT-3 digital microhardness tester, Buehler). Applying a load of 
300 gF (2.94 N) for a holding time of about 9 s, approximately 15 indentations from 
different areas of the polished samples were taken, and the average of these results is 
reported. 
 
4.4 Sliding Friction and Wear Tests 
For all samples, an unlubricated sliding wear test was performed using a UMT-3MT 
tribometer (Bruker, Campbell, CA) tribometer in a ball-on-disk configuration. Due to the 
size of the sintered sample, and the nature of the tribometer sample holder, the samples 
were initially mounted in epoxy. They were ground, polished, and finally rinsed with 
acetone. The sintered samples were tested at a speed of 0.05 m/s, and under a load of 5 N. 
Stainless steel and alumina counterface were used to create a wear track of 4 mm diameter 
on the sintered sample, as well as other disk samples (D2 tool steel and carbon steel). The 
cross sectional area of the worn tracks were measured using an optical profilometer after 
which the obtained value was used to obtain the wear volume. Images of the tribometer 
and optical profilometer is presented in figure 4.4 and 4.5 respectively. The wear volume 
of the stainless steel and alumina counterface materials were measured based on the ASTM 
G99 [83] standard by measuring the average scar diameter. The formula from the standard 
is presented in equations 4-3 and 4-4. For microstructural studies, a SEM equipped with an 





Figure 4.4. The UMT tribometer 
 
Figure 4.5. The optical profilometer 
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+ ℎ2]  Equation 4-3 
 
Where ‘h’ is the height of material lost, and is given by; 






    Equation 4-4 
 
Where d = diameter of the wear scar, and 

















5 CHAPTER 5 
RESULTS AND DISCUSSION  
5.1 Introduction 
Comprehensive discussions that supports the results obtained during the course of this 
research is presented in this chapter. Results of the densification behavior, microstructure 
and phase evolution of the Fe-Cr-Mo–based alloy fabricated by SPS are presented and 
discussed. Here, we discuss in the detail the results from the initial powder characterization, 
followed by the effect of sintering temperature on densification behavior, microstructure 
and phase evolution. DSC, XRD and FE-SEM techniques were used during the 
densification and microstructural investigation of the sintered alloy. Furthermore, results 
from sliding wear tests explaining the tribological behavior of the most dense alloy, 
compared with standard steel samples is presented.  
 
5.2 Densification and Microstructure of sintered Fe-Cr-Mo–based alloy 
Due to the ability of the spark plasma sintering technique in developing bulk metallic glass, 
nanocrystalline and fully crystalline materials from amorphous precursors, the Fe-Cr-Mo–
based metallic glass powders was fabricated using this processing technique. The 
densification and hardness was studied. Furthermore, the effect of temperature on the 




5.2.1 Powder characterization 
Fig. 5.1 shows the DSC results for the as-received Fe-Cr-Mo-based alloy powder. The 
powder exhibited an exothermic peak corresponding to the glass transition temperature 
(Tg) at 602°C, followed by an exothermic peak corresponding to the crystallization 
temperature (Tx) at 645°C. The melting temperature (Tm) of the powder was measured at 
1150°C. Similar trends have been reported for Fe-based MG alloys (Fe50Ni30P13C7) [84]. 
Based on these transition temperatures, the sintering temperatures have been selected.  
 
Fig. 5.2 presents the XRD pattern obtained from the gas-atomized starting powder. It shows 
a broad diffraction peak, which is a characteristic of a completely amorphous (or glass) 
structure. Thus, it confirms the glassy structure of the powder. Fig. 5.3a presents the SEM 
morphology of the as-received powder. The powder particles have a spherical shape with 
a smooth surface, which is a characteristic of powders prepared by the gas atomization 
process. Particle size analysis (Fig. 5.3b) showed that the mean diameter of the powder 



































Figure 5.3. (a) SEM micrograph of the as-received Fe-Cr-Mo-based alloy powder; (b) 






The powder was consolidated by SPS at different temperatures. The effect of sintering 
temperatures on the sample density is presented in Fig. 5.4. The relative density increases 
with increase in the sintering temperature. However, the samples sintered at 900 and 1000 
°C have the same density. Similar densification trends have been reported for similar alloys 
[71,85]. The samples sintered at temperatures close to the crystallization temperature, Tx, 
(645°C) have a densification of less than 84%. However, in previous reports [63,64], Fe-
based amorphous alloys were consolidated at Tx, and a greater densification was obtained. 
Notably, the compositions of the alloys investigated in these previous reports differed from 
that of the alloy investigated in the present study. Furthermore, the sintering was performed 




























For sintering temperatures starting from 500 to 700 °C, the relative density of the sintered 
samples increases gradually up to 83.6%, after which a sharp increase to about 93.6% was 
noted for the bulk sample at 800 °C. The samples sintered at 800, 900 and 1000 °C 
exhibited better densification with increasing sintering temperature, reaching a maximum 
value of 98%. The increasing sintering temperature is, therefore, responsible for the 
improved densification, and this is due to the elimination of pores, increased necking and 
enhancement in the bonding between powder particles. 
 
5.2.3 Microstructure analysis of the sintered samples 
Microstructure analysis has been carried out to understand the effect of sintering 
temperature on microstructure and development of crystal particles.  Fig. 5.5 shows the 
XRD results for the samples sintered at different temperatures. Sintering at temperatures 
below the crystallization temperature (Tx = 645 °C) led to the evolution of a few crystalline 
peaks, i.e., the background of the pattern was the pattern of an entirely amorphous sample, 
with just a few new crystalline peaks. Thus, the almost completely amorphous structure of 
the starting powder was retained at these temperatures. The reasons for these minor 
crystallization that occurred below the Tx could be as a result of overheating that occurs in 








As temperature increases above 700 °C, the intensity of crystalline peak increases which 
indicates enhanced crystallization and the formation of crystalline phases. This composite 
consists of the BCC α-Fe (ICDD # 03-065-4899) [86], and M23C6 phases as well as a small 
amount of M2B (with hexagonal crystal system), where M represents Fe, Cr and Mo. The 
M23C6 crystalline phase belongs to a cubic crystal system, space group: Fm-3 m (225) [65]. 
 
Fig. 5.6 presents the SEM images of the sintered alloy showing the nanocrystalline particles 
formed as a result of temperature influence during SPS. It is evident from the 
microstructure of the sample sintered at 800 oC (Fig. 5.6a), that the sample was not fully 
sintered as observed from the incomplete necking and presence of closed porosities in each 
particle (shown in the inset) as well as open porosities. As sintering temperature increases 


























Figure 5.6b and c shows the microstructure of the sintered alloys at 900 and 1000 oC. As 
observed from the EDS analysis plot (Fig. 5.7), the gray or darker particles in the BSE 
microstructural images of both samples are rich in C, and therefore indicates a  metallic 
carbide phase (M23C6) [74], while the brighter particles (rich in B) represented metallic 
boride (M2B). The M23C6 as clearly seen from the sintered samples had its particles in the 
micrometer size range. However, the boride particles for the samples sintered at 900 and 
1000 oC, had an average particle size around 110–360 nm. The evolution of crystalline 
phases from amorphous structure presents a possibility of understanding the kinetics and 
micromechanisms of crystallization. Furthermore, due to the poor tensile ductility of 
BMGs, in-situ devitrification of the amorphous phases brings with it the possibility of 












Fig. 5.8 shows the Vickers microhardness trend for the samples sintered at 800, 900 and 
1000 oC. As a result of incomplete densification during the sintering of samples at 
temperatures below 800 oC, microhardness values could not be evaluated. When sintering 
was performed at 800 oC, the sintered sample exhibited a hardness of about 840 HV. A 
rapid enhancement in hardness was observed when the amorphous alloy was sintered at 
900 and 1000 oC. The hardness increases as the sintering temperature increases, which is a 
similitude to the trend in relative density. This, therefore, implies that densification during 
sintering plays an important role in the enhancement of hardness. Furthermore, higher 
crystallization (formation of nanocrystalline phases), and better bonding between the 































5.3 Tribological behavior of the sintered Fe-Cr-Mo–based alloy 
The results from the study of the densification and microstructure of the bulk samples 
fabricated by spark plasma sintering was was presented in section 5.2. Based on this study, 
the sliding wear performance of the material with the best densification is studied. Results 
are therefore presented in this section. Different counterface materials were used to study 
the tribological properties of this material. 
 
5.3.1 Microstructure and phase analysis 
The SEM secondary electron micrograph of the amorphous powders, as well as that of the 
polished surface of the spark plasma sintered bulk alloy is presented in Figure 5.9. The 
micrograph of the powders (Fig. 5.9a) shows that the particles have a smooth surface and 
are spherical in shape, which is characteristic of materials produced via gas atomization 
route. Micrograph from the polished cross section of the sintered alloy (Fig. 5.9b) shows a 
microstructure with minimal porosities. The density of the specimen sintered at 900 oC was 
measured using the Archimedes technique and the relative density is reported to be 
approximately 98%, and this shows that the sintered sample is applicable for microstructure 










Figure 5.9. SEM micrographs of the Fe-Cr-Mo (a) as-received amorphous powder and (b) 






XRD results shown in Figure 5.10 confirms the glassy nature of the as received powders, 
as a result of the presence of a broad diffuse peak observed at a 2-theta value ranging 
between 40o and 47o similar to many iron-based amorphous alloys [74,87]. The evolution 
of sharp crystalline peaks upon sintering at 900 oC is also presented in Figure 5.10. Sharp 
peaks indicating a fully crystalline structure is seen from the XRD plot. The devitrification 
of the Fe-based sample brings about a sharp crystalline peaks belonging to body-centered 
cubic (BCC) α-Fe, (Fe,Cr)23C6, together with small amount of (Cr,Fe)2B. The presence of 
these crystallization particles in the sintered alloy are often responsible for the enhanced 


















Figure 5.10. XRD pattern of the Fe- Cr-Mo powder and the sample sintered at 900 oC. 
The amorphous character is observed from the powders. The crystalline peaks resulting 








The backscattered electron micrograph from the sample sintered at 900 oC which confirms 
the presence of the crystalline phases is shown in Figure 5.11a. From the electron images, 
it is evident that the microstructure of the sample sintered from amorphous powders 
consists of bright and grey particles. The EDS elemental analysis (Figure 5.11b) of the grey 
particles confirms a Fe-rich phase consisting of Cr, Mo and C while the bright particles 
consists of a Cr-rich phase consisting of Fe, Mo and B. The bright phase which had a 
particle size of about 110–360 nm was within the range to be termed nanosized material as 
stated by Meyers et al. [28]. The XRD results of this bulk sample as shown in Figure 5.10 
confirms that the grey phase gave peaks of iron and chromium carbide (M23C6), while 
peaks from the bright phase was chromium and iron boride (M2B). For similar Fe-based 
sintered samples, both phases have been reported [23,88]. Obviously, the SPS of the Fe-
based MG powders beyond the crystallization temperature results in the emergence of a 














Figure 5.11. (a) SEM (BSE) micrograph and (b) EDS elemental analysis of the bright 









Vickers indentation measurements on a microscopic scale was performed to determine the 
hardness values of the slider and counterface materials. The sintered Fe-based alloy 
exhibited a bulk hardness of 899 ± 15 HV (8.8 ± 0.1 GPa) at an applied load of about 3 N. 
This value represents the hardness of all phases together with the interfaces between them, 
as it was difficult to single out each phase to measure their hardness. When compared with 
carbon steel and D2 tool steel, a lower microhardness values of 247 ± 15 HV for carbon 
steel and 871 ± 33 HV for D2 tool steel was experienced. The sintered-bulk alloy exhibited 
a higher hardness value. When the D2 tool steel was analyzed using SEM and EDS, the 
presence of only carbide particles were observed. The higher hardness of the sintered alloy 
may be due to the additional presence of boride particles as observed from their 
micrograph. Alloys similar in composition to the sintered Fe-based alloy have not been 
investigated. The summary of the hardness of all materials is presented in table 5.1. 
Table 5.1. The hardness values (in HV) of the materials used in the investigation. 
       
 
  Materials Hardness [HV/0.3] 
 
Slider  
Sintered sample ~ 900 ± 15 
 D2 tool steel ~ 871 ± 18 
 Carbon steel ~ 247 ± 12 
 Ball 
Stainless steel ~ 831 ± 14 
 Alumina ~ 1723 ± 89 
 
5.3.3 Sliding wear performance 
Under unlubricated conditions, sliding wear tests were performed using both stainless steel 
and alumina counterfaces to obtain the coefficient of friction and wear rate. Figure 5.12a 
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shows the plot of the COF as a function of sliding distance, under constant normal load of 
5 N load and a sliding speed of 0.05 m/s, for the sintered alloy, carbon steel and D2 tool 
steel when slid against stainless steel counterface. The steady state COF of the sintered 
sample is almost similar to that of the tool steel during the wear test. However, during the 
early cycles of sliding (at about 8000 cycles), the sintered sample experienced a run-in 
period after which it stabilizes into the steady state sliding region. The average steady state 
COF of the Fe bulk alloy was 0.84 ± 0.04 while that of D2 tool steel and carbon steel were 
0.86 ± 0.05 and 0.54 ± 0.03 respectively.  
 
Figure 5.12b shows the COF when sliding wear tests was performed under alumina ceramic 
counterface. For all slider materials, reduction in the friction coefficient was observed. The 
COF of the sintered sample when slid under Al2O3 counterface was 0.61 ± 0.05, 
approximately 27% lower than that when compared to sliding against stainless steel. This 
lower friction coefficient could possibly be attributed to the dissimilar tribo-pair, interface 
temperature generated between the pairs during sliding, surface roughness of the 
counterfaces, and the difference in the nature of wear debris layers. The COF values are 
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Figure 5.12. COF for sintered sample, D2 tool and carbon steel when slid against (a) 
stainless steel and (b) alumina counterface 
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Table 5.2. Steady state coefficient of friction values 
      
Steady state coefficient of friction 
 Counterface materials 
 Stainless steel Alumina 
Slider materials   
Sintered alloy 0.837 ± 0.049 0.607 ± 0.045 
Carbon steel 0.537 ± 0.028 0.402 ± 0.028 
D2 tool steel 0.863 ± 0.047 0.697 ± 0.040 
   
   
 
Figure 5.13a presents the wear volume results as a function of sliding distance for the 
carbon steel, D2 tool steel and sintered sample when slid against stainless steel counterface. 
For all samples, the wear volume is directly proportional to the sliding distance, which 
obeys the Archard’s rule of adhesive wear. A similar trend of the result is reported [80,88]. 
The carbon steel exhibited maximum volume loss while the tool steel and sintered sample 
had the minimum and approximately equal volume loss. After about 24000 cycles (300 m 
of sliding wear test), the sintered sample exhibited about 84% lesser wear volume than 
carbon steel and 17% lesser wear volume than D2 tool steel, therefore, an evidence of a 
better wear resistance for longer sliding distance. The sintered sample has the highest 
hardness probably due the presence of the boride and carbide phases. The Archard’s law 
proposing an indirect relationship between volume loss and hardness is apparent from the 
volume loss behavior. Furthermore, the wear rate, otherwise called the dimensional wear 
coefficient, k [89] of the slider materials was determined. The sintered alloy has a k-value 
of 1.90 * 10-6 mm3 N-1 m-1 as compared with 1.22 * 10-5 mm3 N-1 m-1 and 2.28 * 10-6 mm3 
N-1 m-1 for the carbon steel and D2 tool steel respectively. 
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Figure 5.13b presents the wear volume as a function of sliding distance for the sintered 
sample, D2 tool steel and carbon steel during sliding against alumina ceramic counterface. 
Similar to results as observed for testing against stainless steel, the wear volume increases 
linearly with sliding distance. After 300m of sliding wear, the sintered sample exhibited 
about 94% lesser wear volume than carbon steel, and 72% lesser wear volume than D2 tool 
steel, therefore, an evidence of a better wear resistance. Based on this information, the wear 
rate (dimensional wear coefficient, k) [89] of the sintered alloy is 3.52* 10-6 mm3 N-1 m-1 
compared with 1.24 * 10-5 mm3 N-1 m-1 and 5.31 * 10-5 mm3 N-1 m-1 for D2 tool steel and 
carbon steel respectively.  
The wear volume of our spark plasma sintered Fe-based alloy when slid under stainless 
steel and alumina counterface was compared. An 86% increase in the wear volume and 
wear rate was observed for sliding against alumina as compared to stainless steel 
counterface. However,  the sintered alloy had a better wear resistance when paired with 








Figure 5.13. Plot showing the wear volume of sintered sample, D2 tool steel and carbon 




Figure 5.14 shows micrographs of the wear scar of worn the stainless steel counterface. 
During sliding test the counterface also suffered some wear. The wear volume of the 
stainless steel counterface was determined and presented in Figure 5.15. Wear volume of 
stainless steel counterface was similar when the sintered alloy and tool steel were slid 
against it, whereas when carbon steel was slid against it, lesser wear of the counterface was 
experienced. This trend could be attributed to the hardness of the samples. The harder the 




Figure 5.14. Typical optical images of the stainless steel counterface when the sintered 












Figure 5.15. Plot showing the wear volume of stainless steel counterface when the 







The micrographs of the worn alumina counterface during the sliding wear test is also 
presented in figure 5.16. Although it is difficult to measure the diameter of the scar image, 
it is apparent that the size of wear scar was the most for the alumina counterface on the 
carbon steel (signifying more wear of the counterface), and the least for the alumina 

















Figure 5.16. Typical optical images of the alumina counterface when the sintered alloy 








5.3.4 Wear behavior 
After sliding wear tests, microstructural investigation of the wear tracks and debris was 
evaluated to understand wear behavior of the sintered Fe-Cr-Mo sample. After 300 m of 
sliding wear against stainless steel and alumina counterfaces, SEM equipped with an EDS 
was used to investigate the worn surfaces and wear debris formed, and the resulting 
morphology is presented in figures 5.17 and 5.18.  
Figure 5.17a (lower magnification) presents the worn surface of the sintered alloy after 
sliding against stainless steel counterface. Figure 5.17b shows the magnified micrograph. 
From the worn surfaces of the alloy, large amount of oxides were observed. These oxide 
rich region indicated oxidation reaction during sliding wear tests. EDS plots confirming 
the presence of these oxides is presented in figure 5.17c. Furthermore, the presence of 
grooves (parallel to the direction of sliding were observed) indicating a plowing 
mechanism of abrasive wear. EDS chemical analysis of the grooves showed that the region 
had less amount of oxidation as compared to other region. This area was rich in the main 
constituents of the MG alloy (Fe, Cr, and Mo). 
Figure 5.18a (lower magnification) presents the wear track of the sintered alloy after sliding 
against alumina counterface. Figure 5.18b shows the magnified micrograph. From the worn 
surfaces of the alloy, large amount of oxides having flake-like shapes were observed. EDS 
spectrum confirming the oxide is presented in Figure 5.18c. The presence of these oxides 
indicated oxidative mechanism of sliding wear. The flatter regions of the wear track was 
rich in the major constituent elements of the alloy with a reduced amount of oxides. From 
the worn surface of the sample slid against alumina, wavy microcracks were observed. 
Similar microcracks have also been reported for other materials [80,82,90]. Wear debris 
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which are highly rich in oxygen are presented in figure 5.19. Oxidation is usually 
responsible for formation of hard debris which leads to transition from sliding to abrasive 


































Figure 5.17. SEM-SE images and EDS plot from the worn surface of the sintered Fe-Cr-
Mo alloy when slid against stainless steel counterface with the EDS plot corresponding to 
the oxide particle. 
 
 


























Figure 5.18. SEM-SE images and EDS plot from the worn surface of the sintered Fe-Cr-














SEM SE micrographs showing the morphology and composition of wear debris is 
presented in figure 5.19a-b. Debris formed as a result of sliding against stainless steel and 
alumina counterparts had a similar elemental composition with high oxide content as 
shown in figure 5.19c. Debris was deposited both in the wear track and outside the track. 
The wear debris consisted of micrometer-sized flake-like particles and agglomerates. EDS 
mapping analysis also confirming the oxide-rich debris formed is presented in figure 5.20. 
The elemental distribution shows the oxide-rich debris concentrated at a location while 


















Figure 5.19. SEM-SE images of wear debris at low (a) and high (b) magnification when 




























6 CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The Fe58Cr23Mo15B2C2 (wt. %) metallic glass powders were consolidated using SPS 
processing method in order to investigate the effect of sintering temperature on the 
microstructure evolution and densification, and also to study the tribology of the sintered 
alloys.  Based on this study the following conclusions are drawn: 
I. As-received alloy powder was successfully consolidated using spark plasma 
sintering process. Relative density increased with sintering temperature. The 
samples sintered above the Tx had minimal porosities as compared to those sintered 
below Tx. Samples sintered below 700 °C showed low densification of about 85%, 
whereas those sintered at 900 and 1000 °C exhibited higher densification 
approximately 98%. 
II. The consolidation of the Fe-based alloys resulted in a nanostructured material. At 
low sintering temperature of 500 and 600 oC, small amounts of nanocrystalline (Fe, 
Cr)23C6 phase was observed in a background of an entirely amorphous phase. 
Crystallization increases with sintering temperature with the evolution of (Fe, 
Cr)23C6 particles and (Cr, Fe)2B nanoparticles embedded in a α-Fe (bcc) matrix. 
The crystallization of the alloy will lead to future understanding of the kinetics and 
micromechanisms of crystallization for Fe-based MG alloys. 
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III. The microhardness of the sintered samples increased with sintering temperature. 
While the hardness of samples sintered at 500, 600 and 700 oC could not be 
determined, the hardness of the bulk samples sintered at 800 °C was observed to be 
lowest (837 HV) when compared the hardness of the samples sintered at 1000 °C 
(914 HV). The alloy sintered at 1000 oC had the highest hardness because increased 
temperature is responsible for removal of porosity and better densification. The 
increased hardness is also due to the crystallization of carbide and boride phases, 
which in turn is responsible for the improved wear resistance. 
IV. The coefficient of friction (COF)of the sintered alloy was 0.84 and 0.61 when slid 
against stainless steel and alumina ceramic counterface respectively. The sintered 
alloy exhibited a 27% reduction in COF when slid against alumina ball. 
Conventional carbon steel had lower steady state COF while D2 had higher steady 
state COF when compared to the sintered alloy. 
V. When the sintered sample slid against stainless steel, its wear rate was 46% lower 
than that when it was slid against alumina ceramic ball. Generally, the sintered alloy 
had a higher wear resistance when compared with the conventional carbon steel and 
tool steel materials.  
VI. After sliding tests under different ball materials, the primary wear mechanism were 
abrasion and mild oxidation.  
 
6.2 Recommendations 
The following recommendations for future work are proposed: 
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I. The successfully fabricated and highly dense samples were sintered above 
crystallization temperature and at a relatively low pressure. However, these samples 
had crystalline structures. It will therefore be important to sinter these amorphous 
powders at lower temperatures and high pressures and obtain highly dense 
compacts while retaining their noncrystalline structure. Other fabrication 
techniques such as microwave sintering, coating deposition could be explored. 
II. In this study, wear properties of the sintered samples were compared to those of 
conventional materials. It will be important to study and understand the friction and 
wear behavior of these Fe-Cr-Mo alloys when fully amorphous, partially crystalline 
and fully crystalline. This knowledge is important in understanding the importance 
of bulk metallic glasses. 
III. Wear studies in this research were done at a load of 5 N and a linear speed of 0.05 
m/s. It will be important to study the wear behavior of the sintered Fe-Cr-Mo based 
alloy at lower and higher loads and speed in order to fully understand the alloy 
behavior under extreme and mild applications. In addition high temperature test, as 
well as sliding test under lubrication should be investigated to fully understand the 
alloy behavior. 
IV. Soft magnetic properties should be investigated based on report of alloy systems in 
this range have been reported to possess this characteristics to be used as 
transformers, magnetic heads, induction coils and saturable reactors for 
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